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Prefetch Training Table
80
¢
Siream Stride | Temporal | Page Size Stream | Demand | Prefetch

iD 94 96 98 Type | Address | Address

82 164 1482 144

Ox1 Ox4d 0 64 KB Load | OxO00AB | OxO0AF

Ox2 Ox 1 0 16 KB Store | OxF240D | OxF251

FIG. 4
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COORDINATED PREFETCHING BASED ON
TRAINING IN HIERARCHICALLY CACHED
PROCESSORS

BACKGROUND

1. Field of the Invention

The present invention relates generally to cache perfor-
mance, and in particular to methods and mechanisms for
prefetching data in processors with multiple levels of caches.

2. Description of the Related Art

Memory latency is frequently a large factor in determining
the performance (e.g., instructions executed per second) of a
processor in a given system. Over time, the operating fre-
quencies of processors have increased dramatically, while the
latency for access to dynamic random access memory
(DRAM) in the typical system has not decreased at the same
rate. Accordingly, the number of processor clocks required to
access the external memory has increased. Therefore, tech-
niques for compensating for the relatively low speed of
memory devices have been developed. One technique is cach-
ing data in one or more caches located close to the processor.
Caches are relatively small, low latency memories incorpo-
rated into the processor or coupled nearby.

Processors typically use caches to combat the effects of
memory latency on processor performance. One way to miti-
gate the increasing latency of memory accesses is to prefetch
data into a cache. The term “prefetch” may generally refer to
the fetching of data from memory before that data is actually
needed for computation by instructions in the program. One
way that the memory bandwidth may be effectively utilized is
to predict the information that will be accessed soon and then
prefetch that information from the memory system into the
cache. If the prediction is correct, the information may be a
cachehit atthe time ofthe actual request and thus the effective
memory latency for actual requests may be decreased. On the
other hand, if the prediction is incorrect, the prefetched infor-
mation may replace useful information in the cache, causing
more cache misses to be experienced than if prefetching were
not employed and thus increasing the effective memory
latency.

Certain types of computer programs process a long
sequence of data where each element in the sequence is
accessed only once. This type of access pattern usually results
in cache misses since the required data is not in the cache at
the time it is needed. This type of access may be referred to as
a “data stream” or “stream”, which is prevalent in certain
multimedia applications. Prefetching data based on a predic-
tion of the stream may help prevent cache misses and improve
processor efficiency.

The simplest type of prefetch prediction is a unit stride
prediction. For example, a training mechanism may detect
accesses to cache lines I and L+1. Therefore, the training
mechanism may detect that the stride is 1, and so a prefetch
unit may start prefetching cache lines L.+2, [.+3, etc. In other
embodiments, other non-unit strides may be detected, and
furthermore, strides may be to descending addresses instead
of just ascending addresses.

Modern superscalar processors use very aggressive specu-
lation techniques that involve reordering of memory accesses
in order to achieve higher performance.

Reordering of memory accesses results in obfuscation of
any discernable pattern in the memory stream the further the
operation progresses from the front-end of the machine. In
addition, lower-level caches have to contend with simulta-
neous request streams from multiple cores, which further
increases the entropy of these access patterns. Some authors
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use the term lower-level cache to refer to caches closer to the
core, while others use the term to refer to caches further from
the core. As used herein, the term “lower-level caches” refers
to caches further away from the core (e.g., L2 cache, L3
cache), while the term “upper-level cache” may refer to
caches closer to the core (e.g., an L1 cache).

The closer the memory accesses get to memory, the more
garbled the memory accesses become in relation to their
original order. As a result, it becomes harder to detect a
common stride between consecutive memory accesses at
lower-level caches since memory accesses get reordered at
each level of the machine. Prefetch units at the lower-level
caches thus have to contend with garbled memory streams,
and are often unable to identify a common pattern across the
stream. This effectively reduces the effectiveness of prefetch-
ing at low levels of the cache hierarchy.

SUMMARY

Systems, processors, and methods for performing coordi-
nated prefetching in hierarchically cached processors are
contemplated. In one embodiment, one centralized prefetch
training mechanism per core may be utilized to train on
streams. The training information produced by the training
mechanism may be utilized to generate prefetch requests at
multiple levels of cache hierarchy. Two or more prefetch units
at separate cache levels may be coordinated utilizing the
information obtained by the shared training mechanism. In
one embodiment, the training mechanism may be located
within a prefetch unit in the core, and the prefetch unit be
coupled to the L1 cache.

In one embodiment, the training mechanism may be con-
figured to simultaneously train on a plurality of streams gen-
erated by the processor core. For a given stream, the training
mechanism may monitor memory accesses of the stream and
detect the stride of the stream. Then, the training mechanism
may assign an identifier (ID) to the stream and indicate that
the stream is live for prefetching. In some embodiments, a
processor may include multiple cores, and each core may
maintain a centralized training mechanism within its respec-
tive L1 prefetch unit. The lower level prefetch units may
receive training information from each L1 prefetch unit.

In one embodiment, the processor may include at least L1
and [.2 caches and [.1 and [.2 prefetch units. The L1 prefetch
unit may send prefetch requests to the 1.2 cache, and the L1
prefetch unit may send a packet along with each prefetch
request. The packet may include a stream identifier (ID) and
attributes associated with the prefetch request and the corre-
sponding stream. The attributes may include stride, page size,
temporal/non-temporal status, load/store indicator, demand
and prefetch addresses, and other information. The [.2
prefetch unit may utilize the attributes from the packet to
generate prefetch requests. The 1.2 prefetch unit may also
utilize the attributes from the packet to determine how to
process and store the retrieved prefetch data.

In one embodiment, the L1 prefetch unit may maintain a
table with information on the trained streams. In addition, the
L2 prefetch unit may also maintain a table with information
on the trained streams. The table maintained by the [.2
prefetch unit may be a mirrored version of the table utilized
by the L1 prefetch unit. When the [.2 prefetch unit receives a
prefetch request and accompanying packet from the core, the
attributes from the packet may be stored in a corresponding
entry in the table. Also, any additional lower level caches
(e.g., L3) may maintain tables synchronized to the tables of
the upper level caches.
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In one embodiment, for a processor with one core and one
L1 cache, the L2 prefetch table may be the same size as the [.1
prefetch table in a one-to-one mapping. In another embodi-
ment, for a processor with two cores and two L1 caches, the
L2 table may be as large as a combination of the L1 tables, and
all of the entries of the two separate [.1 tables may be stored
in the L2 table. In further embodiments, for additional num-
bers of cores, the .2 table may be sized to store all of the
entries from all of the L1 tables.

These and other features and advantages will become
apparent to those of ordinary skill in the art in view of the
following detailed descriptions of the approaches presented
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of the methods and
mechanisms may be better understood by referring to the
following description in conjunction with the accompanying
drawings, in which:

FIG. 1 is a block diagram that illustrates one embodiment
of'a portion of an IC.

FIG. 2 is a block diagram that illustrates one embodiment
of a processor core.

FIG. 3 is a block diagram of one embodiment of L1 and [.2
prefetch units.

FIG. 4 illustrates one embodiment of a prefetch training
table.

FIG. 5 is a block diagram of one embodiment of the map-
ping between prefetch tables of separate levels of cache.

FIG. 6 is a block diagram of one embodiment of .2 and [.3
prefetch units.

FIG. 7 is a generalized flow diagram illustrating one
embodiment of a method for generating prefetch requests.

FIG. 8 is a block diagram of one embodiment of a system.

FIG.91is a block diagram of one embodiment of a computer
readable medium.

DETAILED DESCRIPTION OF EMBODIMENTS

In the following description, numerous specific details are
set forth to provide a thorough understanding of the methods
and mechanisms presented herein. However, one having ordi-
nary skill in the art should recognize that the various embodi-
ments may be practiced without these specific details. In
some instances, well-known structures, components, signals,
computer program instructions, and techniques have not been
shown in detail to avoid obscuring the approaches described
herein. It will be appreciated that for simplicity and clarity of
illustration, elements shown in the figures have not necessar-
ily been drawn to scale. For example, the dimensions of some
of the elements may be exaggerated relative to other ele-
ments.

This specification includes references to “one embodi-
ment”. The appearance of the phrase “in one embodiment” in
different contexts does not necessarily refer to the same
embodiment. Particular features, structures, or characteristics
may be combined in any suitable manner consistent with this
disclosure. Furthermore, as used throughout this application,
the word “may” is used in a permissive sense (i.e., meaning
having the potential to), rather than the mandatory sense (i.e.,
meaning must). Similarly, the words “include”, “including”,
and “includes” mean including, but not limited to.

Terminology. The following paragraphs provide defini-
tions and/or context for terms found in this disclosure (includ-
ing the appended claims):
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“Comprising.” This term is open-ended. As used in the
appended claims, this term does not foreclose additional
structure or steps. Consider a claim that recites: “An appara-
tus comprising a prefetch unit . . . . Such a claim does not
foreclose the apparatus from including additional compo-
nents (e.g., acache, amemory controller, a bus interface unit).

“Configured To.” Various units, circuits, or other compo-
nents may be described or claimed as “configured to” perform
a task or tasks. In such contexts, “configured to” is used to
connote structure by indicating that the units/circuits/compo-
nents include structure (e.g., circuitry) that performs the task
ortasks during operation. As such, the unit/circuit/component
can be said to be configured to perform the task even when the
specified unit/circuit/component is not currently operational
(e.g., is not on). The units/circuits/components used with the
“configured to” language include hardware—for example,
circuits, memory storing program instructions executable to
implement the operation, etc. Reciting that a unit/circuit/
component is “configured to” perform one or more tasks is
expressly intended not to invoke 35 U.S.C. §112, sixth para-
graph, for that unit/circuit/component. Additionally, “config-
ured to” can include generic structure (e.g., generic circuitry)
that is manipulated by software and/or firmware (e.g., an
FPGA or a general-purpose processor executing software) to
operate in manner that is capable of performing the task(s) at
issue. “Configured to” may also include adapting a manufac-
turing process (e.g., a semiconductor fabrication facility) to
fabricate devices (e.g., integrated circuits) that are adapted to
implement or perform one or more tasks.

“Based On.” As used herein, this term is used to describe
one or more factors that affect a determination. This term does
not foreclose additional factors that may affect a determina-
tion. That is, a determination may be solely based on those
factors orbased, at least in part, on those factors. Consider the
phrase “determine A based on B.” While B may be a factor
that affects the determination of A, such a phrase does not
foreclose the determination of A from also being based on C.
In other instances, A may be determined based solely on B.

Referring now to FIG. 1, a block diagram illustrating one
embodiment of a portion of an integrated circuit (IC) is
shown. In the illustrated embodiment, IC 10 includes a pro-
cessor complex 20, memory controller 34, and memory
physical interface circuits (PHYs) 36 and 38. It is noted that
IC 10 may also include many other

components not shown in FIG. 1. In various embodiments,
IC 10 may also be referred to as a system on chip (SoC), an
application specific integrated circuit (ASIC), or an appara-
tus.

Processor complex 20 may include central processing units
(CPUs) 22 and 26, level two (I.2) cache 30, and bus interface
unit (BIU) 32. In other embodiments, processor complex 20
may include other numbers of CPUs. CPUs 22 and 26 may
also be referred to as processors or cores. CPUs 22 and 26
may include level one (L1) cache 24 and .1 cache 28, respec-
tively. L1 caches 24 and 28 may be coupled to [.2 cache 30,
and L2 cache 30 may be coupled to BIU 32, which may be
coupled to memory controller 34. Other embodiments may
include additional levels of cache (e.g., level three (L3)
cache). Itis noted that processor complex 20 and CPUs 22 and
26 may include other components not shown in FIG. 1.

The CPUs 22 and 26 may include circuitry to execute
instructions defined in an instruction set architecture. Specifi-
cally, one or more programs comprising the instructions may
be executed by the CPUs 22 and 26. Any instruction set
architecture may be implemented in various embodiments.
For example, in one embodiment, the PowerPC™ instruction
set architecture may be implemented. Other exemplary
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instruction set architectures may include the ARM™ instruc-
tion set, the MIPS™ instruction set, the SPARC™ instruction
set, the x86 instruction set (also referred to as 1A-32), the
IA-64 instruction set, etc.

In one embodiment, 1.2 cache 30 may be configured to
cache instructions and data for low latency access by CPUs 22
and 26. The L2 cache 30 may comprise any capacity and
configuration (e.g. direct mapped, set associative). In one
embodiment, .2 cache 30 may be configured as a set-asso-
ciative, writeback cache that is fully inclusive of L1 caches 24
and 28 within CPUs 22 and 26, respectively. In various
embodiments, [.2 cache 30 may include a variety of structures
configured to support cache functionality and performance.
For example, 1.2 cache 30 may include a miss buffer config-
ured to store requests that miss the 1.2, a fill buffer configured
to temporarily store data, a writeback buffer configured to
temporarily store dirty evicted data and snoop copyback data,
and/or a snoop buffer configured to store snoop requests. In
some embodiments, [.2 cache 30 may include a crossbar (not
shown) for managing data flow between [.2 cache 30 and BIU
32 and between L2 cache 30 and CPUs 22 and 26. In various
embodiments, [.2 cache 30 may implement arbitration logic
to prioritize cache access among various cache read and write
requestors. Other variations of .2 cache 30 configurations are
possible and contemplated. [.2 cache 30 may be coupled to
memory controller 34 via BIU 32. BIU 32 may also include
various other logic structures to couple CPUs 22 and 26 and
L2 cache 30 to various other devices and blocks.

Memory controller 34 may include any number of memory
ports and may include circuitry configured to interface to
memory. For example, the memory controller 34 may be
configured to interface to dynamic random access memory
(DRAM) such as synchronous DRAM (SDRAM), double
data rate (DDR) SDRAM, DDR2 SDRAM, Rambus DRAM
(RDRAM), etc. Memory controller 34 may also be coupled to
memory physical interface circuits (PHYs) 36 and 38.
Memory PHY's 36 and 38 are representative of any number of
memory PHY's which may be coupled to memory controller
34. The memory PHYs 36 and 38 may be configured to
interface to memory devices (not shown).

It is noted that other embodiments may include other com-
binations of components, including subsets or supersets of the
components shown in FIG. 1 and/or other components. While
one instance of a given component may be shown in FIG. 1,
other embodiments may include two or more instances of the
given component. Similarly, throughout this detailed descrip-
tion, two or more instances of a given component may be
included even if only one is shown, and/or embodiments that
include only one instance may be used even if multiple
instances are shown.

Turning now to FIG. 2, one embodiment of a processor
core is shown. Core 40 is one example of a processor core, and
core 40 may be utilized within a processor complex, such as
processor complex 20 of FIG. 1. In one embodiment, each of
CPUs 22 and 26 of FIG. 1 may include the components and
functionality of core 40. Core 40 may include fetch and
decode (FED) unit 42, map and dispatch unit 46, execution
units 48, load/store unit (LSU) 50, memory management unit
(MMU) 60, and core interface unit (CIF) 62. It is noted that
core 40 may include other components not shown in FIG. 2.

FED unit 42, which includes the L1 instruction cache 44,
may be configured to fetch instructions from memory (or the
L2 cache) and decode the fetched instructions. Decoded
instructions may be conveyed to the map and dispatchunit 46.
Map and dispatch unit 46 may be configured to map decoded
instructions to physical registers. Map and dispatch unit 46
may also be configured to dispatch instructions to execution
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units 48 and L.SU 50. Execution units 48 may include any
number and type of execution units (e.g., integer, floating
point, vector).

CIF 62 may be coupled to L1 data cache 52, FED unit 42,
and MMU 60. CIF 62 may be configured to manage the
interface between core 40 and the L2 cache. MMU 60 may be
configured to perform address translation and memory man-
agement functions. LSU 50 may include L1 data cache 52
coupled to prefetch unit 54. Prefetch unit 54 may include
prefetch training mechanism 56 and prefetch training table
58. L.SU 50 may also be coupled to an [.2 cache (not shown)
via CIF 62. It is noted that LSU 50 may also include other
components (e.g., load queue, store queue) not shown in FIG.
2.

Prefetch unit 54 may be configured to generate prefetch
requests in order to prefetch data into the L1 data cache 52. In
one embodiment, prefetch unit 54 may be configured to con-
currently maintain multiple separate, independent prefetch
streams. A “prefetch stream” may refer to a stream of
addresses and blocks associated with those addresses that are
prefetched into the cache as a result of a detected prefetch
pattern. The prefetch pattern may describe the difference
between consecutive memory accesses in the prefetch stream.
This difference between consecutive memory accesses may
be referred to as the “stride” of the prefetch stream.

Training mechanism 56 may monitor the load/store traffic
through L1 data cache 52 and/or at other points in the core 40.
Training mechanism 56 may detect patterns of access in the
load/store traffic and identify streams for prefetching. For
each separate stream, training mechanism 56 may detect unit
stride patterns for prefetches, such as prefetches of consecu-
tive blocks in memory, either in an increasing-address or
decreasing-address direction. Other embodiments may detect
more complex prefetch patterns, including larger strides and
repeating patterns that are not a single fixed distance between
memory accesses.

In one embodiment, instructions being executed by core 40
may proceed in order until the instructions get to the execu-
tion units 48, at which point the instructions may be reor-
dered. At this point, garbling may occur making it difficult to
train on an instruction stream. Training mechanism 56 may
train on instructions in core 40 prior to the instructions being
reordered. Then, the training information may be propagated
to the lower levels of the cache hierarchy.

Prefetch training mechanism 56 may train on streams gen-
erated by core 40.

Training may include detecting and analyzing the memory
accesses associated with the various streams to determine
information associated with the memory accesses. When
prefetch training mechanism 56 has trained on a stream, it
may assign a stream identifier (ID) to the stream and store an
entry in table 58 with the stream ID. The entry may include
attributes associated with the stream, such as temporality or
non-temporality of data, stride, page size, memory access
type, demand address, prefetch address, as well as other infor-
mation.

Prefetch unit 54 may include atable 58 having a plurality of
entries for storing training information on a plurality of
streams. A given prefetch stream may be assigned to one of
the entries of table 58, and generation of prefetches may be
performed for that prefetch stream based on the contents of
the entry. For example, the addresses of the prefetch request
may be compared to the current address and/or the next
expected address in the table entry. In one embodiment,
prefetch unit 54 may maintain a least recently used (LRU)
status across the entries in table 58 for replacement purposes.
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A stream may be associated with a unique stream identifier
(ID), and each entry of table 58 may include a stream ID along
with attributes associated with a given stream. The stream 1D
and attributes may be propagated from the core down to the
L2 and lower level caches. When core 40 sends out a prefetch
request to the [.2 cache, it may send data including the stream
ID and other attributes with (or in association with) the
request. The conveyed 1D and attributes may take the form of
a tuple, or otherwise, and may be included in an associated
packet(s). As used herein, the term “packet” is used for ease of
discussion and is not intended to be limited to a particular size
or configuration of data. Rather, the methods and mechanisms
described herein may convey the “packet” related data in
many of a variety of ways. Conveying training data and other
attributes may take any form or format.

In one embodiment, the tuple may contain the prefetch
address, the stream ID, stride (e.g., 2 lines), and other
attributes. When the L2 cache and L2 prefetch unit (not
shown) receives the tuple, the 1.2 prefetch unit may store the
attributes of the tuple in the corresponding entry in a [.2
prefetch table (not shown). Then, the L2 prefetch unit may
compare the new tuple to the last request the core sent to make
sure that it stays ahead of the addresses being fetched by the
L1 prefetch unit. If the stream ID in the tuple is a new stream
1D, then the L2 prefetch unit may create a new entry for the
specific stream ID.

For lower levels of the cache hierarchy, the prefetching
may extend forward to prefetch further into the predicted
memory locations of the stream. In one embodiment, there
may be a start distance associated with each of the streams.
The L1 prefetch unit may add a first start distance to the first
prefetch request, and the L2 prefetch unit may add a second
start distance on top of the first start distance. Lower level
prefetch units (e.g., L3 prefetch unit) may add additional
distances onto the prefetch request. In one embodiment, the
start distance may be programmed locally at each prefetch
unit. In another embodiment, the start distance may be sent as
one of the attributes within the tuple.

In one embodiment, the [.2 prefetch unit may not do any
training itself. The 1.2 prefetch unit may get setup by the L1
prefetch unit, and then the L2 prefetch unit may generate
more prefetch requests further along in the stream than the L1
prefetch unit. Generally speaking, the [.2 prefetch unit may
be an extension of the [.1 prefetch unit. This approach may be
extended to a third level, fourth level, and so on, where regard-
less of the number of hierarchical levels of caches, only a
single unified training mechanism may be utilized. In such an
embodiment, the L3 prefetch unit would be a slave to the
upper two prefetch units.

Referring now to FIG. 3, a block diagram of one embodi-
ment of .1 and .2 prefetch units is shown. Core 72 is shown
coupled to L2 cache 78, and core 72 may include a L1
prefetch unit 74. It is noted that core 72 may also include
many other components that are not shown in FIG. 3 for
purposes of clarity. L1 prefetch unit 74 may include a prefetch
table 76 for storing data associated with streams that have
been trained. .2 cache 78 may include [.2 prefetch unit 80,
which may include prefetch training table 82. Although not
shown in FIG. 3, the prefetch requests and accompanying
training data may pass through one or more components (e.g.,
MMU, CIF) between L1 prefetch unit 74 and 1.2 cache 88.

In one embodiment, core 72 may issue a prefetch request to
L2 cache 78. The prefetch request may include a memory
address of a line to be accessed. In addition, training data may
be sent along with the prefetch request. The training data may
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identify the stream ID of the prefetch request, and may
include other attributes (stored in table 76) associated with
that particular stream ID.

In response to receiving the prefetch request and training
data, 1.2 prefetch unit 80 may compare the training data to the
entry in the table corresponding to the specific stream ID. For
the example shown in FIG. 3, the stream ID may be ‘2°, and
L2 prefetch unit 80 may use this stream ID to locate the
corresponding entry in table 82. L2 prefetch unit 80 may
retrieve one or more attributes (e.g., stride) which may be
used by L2 prefetch unit 80 to generate prefetch requests to
memory (or to a lower level cache). In effect, the training data
sent along with the prefetch requests may allow the entries of
tables 78 and 82 to be synchronized.

It is to be understood that tables 76 and 82 may not contain
exactly the same information, but tables 76 and 82 may gen-
erally be synchronized. For example, table 76 may be updated
for a particular stream ID and there may be a time lag before
table 82 is updated for that particular stream ID. Furthermore,
one or more of the fields of the entries in table 76 and 82 may
contain different information and/or may be formatted difter-
ently. For example, an address field corresponding to the last
generated prefetch request may contain a different address in
the entries of table 76 as compared to the entries of table 82.
Nevertheless, generally speaking the data contained in table
82 may be reflective of the data in table 76 and may in this
sense be synchronized to the data in table 76.

In one embodiment, each packet sent from core 72 to 1.2
cache 78 may include a bit which indicates if the stream is a
new stream. If the stream is a new stream, as indicated by this
bit, then the .2 prefetch unit 80 may find the corresponding
entry in table 82 and clear this entry. Then, L2 prefetch unit 80
may fill the attributes of the cleared entry with the information
contained in the packet. If the stream is an existing stream,
then the packet may contain at least the stream 1D, and 1.2
prefetch unit 80 may retrieve the corresponding entry corre-
sponding to this stream ID in table 82. If the prefetch request
hits in .2 cache 78, then the data may be returned to core 72,
whereas if the prefetch request is a miss, then the 1.2 cache 78
may request the data from memory. Then, .2 prefetch unit 80
may generate new prefetch requests based on the attributes
stored in the corresponding entry in table 82. The new
prefetch requests issued by 1.2 prefetch unit 80 may allow it to
stay ahead of core 72 for this particular stream so that future
requests will result in hits in the .2 cache 78.

In another embodiment, 1.2 prefetch unit 80 may assume
that each received packet and prefetch request is for a new
stream. Therefore, in this embodiment, table 82 may be
updated on any prefetch request that is received by L2 cache
78. For example, [.2 prefetch unit 80 may overwrite the data
in the corresponding entry in table 82 with the information in
the received packet. In various embodiments, the [.2 prefetch
unit 80 may assume that any received prefetch request is for a
new stream unless the request includes the same stream infor-
mation as an existing stream.

In one embodiment, the packet may include information
that controls the placement of data and the replacement poli-
cies in [.2 cache 78. If a particular stream has a temporal or
non-temporal attribute, [.1 prefetch unit 74 may convey this
information to L2 prefetch unit 80. In one embodiment, [.2
prefetch unit 80 and the lower level caches may use this
information to determine which way of the cache to store the
corresponding data for this particular stream.

In one embodiment, [.2 cache 78 may utilize the addresses
and information from a prefetch request and packet sent from
core 72 to make sure 1.2 prefetch unit 80 stays a predeter-
mined number of lines ahead of the address contained in the
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prefetch request. If L2 prefetch unit 80 determines it has
lagged behind, then L2 prefetch unit 80 may jump forward to
stay ahead of L1 prefetch unit 74. .2 prefetch unit 80 may be
configured to stay ahead of L1 prefetch unit 74 in the stream
by a certain distance.

Turning now to FIG. 4, one embodiment of a prefetch
training table is shown. Prefetch training table 90 may be
utilized to store information associated with various trained
streams. Table 90 is representative of a table which may be
utilized by a prefetch unit at any level of the overall cache
hierarchy. The number of entries in table 90 may vary depend-
ing on the embodiment, the level of the cache hierarchy at
which table 90 is located, the maximum number of concurrent
streams, as well as other information. In other embodiments,
training table 90 may include other information, and/or some
of'the attributes shown in table 90 may not be included in the
table. Alternatively, one or more of the attributes shown in
table 90 may be stored in another location of the correspond-
ing prefetch unit.

Each entry of table 90 may include a plurality of attributes.
A stream 1D 92 may be included in each entry and may be
utilized to identify the entry. The stream ID 92 may corre-
spond to a respective stream ID that has been trained by a
training mechanism in the core. The stride 94 may be the
detected stride for the stream, and in one embodiment may be
a number of lines. The temporality indicator 96 may be a bit
that indicates if the stream corresponds to temporal or non-
temporal data. The L2 cache and lower level caches may
utilize temporality indicator 96 to bias the way selection in its
LRU mechanism. The value of temporality indicator 96 may
also affect replacement policy within a cache.

Another attribute stored in the entries of table 90 may be
the page size attribute 98 (e.g., 64 KB, 128 KB, 1 MB). Inone
embodiment, a L2 prefetch unit (and lower level prefetch
units) may use this attribute to determine the page boundaries.
When encountering a page boundary, the L2 prefetch unit
may stop prefetching. The L2 prefetch unit may also use a
prefetch count to determine when to stop prefetching, such
that once the prefetch count has been reached, then the 1.2
prefetch unit may stop prefetching until it receives another
prefetch request. The prefetch count may be programmed or
set separately from the attributes received with the packets
accompanying prefetch requests. In one embodiment, the
prefetch count may not be stored in table 90, although in other
embodiments, the prefetch count may be stored in table 90.

In various embodiments, a “turbo” mode may be utilized
by the various prefetch units. At any cache level, if a given
stream stays alive and advances with the same attributes, the
prefetch count may be increased in order to stay further ahead
of the given stream. The status of the given stream may be
tracked by a separate counter, and this separate counter may
count the number of prefetch requests arriving at each cache
level from above. For example, the number of L1 prefetch
requests that have been received at the 1.2 level for a particular
stream may be counted at the L2 prefetch unit. If the number
of L1 prefetch requests reaches a threshold, the L2 prefetch
unit may enter a turbo mode, which will increase the prefetch
count and increase the number of prefetch requests generated
by the L2 prefetch unit in an attempt to stay further ahead of
the stream. The threshold may be programmable and may
vary from embodiment to embodiment. Similarly, the L1
prefetch unit may implement an analogous technique to apply
turbo mode based on tracking the number of demand requests
received at the L1 cache level for the various streams. The
value ofthe separate counter may or may not be stored in table
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90 , depending on the embodiment. Various embodiments
including combinations of the above are possible and are
contemplated.

When a lower level cache prefetch unit reaches a page
boundary, the prefetch unit may not be sure if the next page in
the physical address space corresponds to the next page in the
program’s virtual address space. Therefore, in one embodi-
ment, when a lower level prefetch unit, such as an 1.2 prefetch
unit, reaches a page boundary, the L2 prefetch unit may stop
at the page boundary. When the higher level prefetch unit, in
this case the [.1 prefetch unit, crosses the page boundary, it
may send a new prefetch request with the address of the next
page to the [.2 prefetch unit.

Each entry of table 90 may also include a stream type
attribute 100 to indicate if the stream is aload stream or a store
stream. For example, if the stream is a load stream, then the
L2 prefetch unit may retrieve lines of data in a shared state. If
the stream is a store stream, then the [.2 prefetch unit may
bring the data into the core in an exclusive state so that the
core can modify the data.

In one embodiment, a L1 prefetch unit may combine infor-
mation between load and store streams into a single entry in
L1 prefetch training table. For example, if a load stream and
a store stream are both targeting the same region of memory,
the L1 prefetch unit may collapse the load and store streams
into one stream. Therefore, the [.1 prefetch unit may create
one stream entry in the L1 table instead of creating two
different stream entries. For example, in one embodiment, if
the load stream is generated first, the L.1 prefetch unit will
train on the load stream and fill a corresponding entry in the
L1 table with the attributes of the load stream. Then, when a
store request is detected, if the L1 prefetch unit determines
that the store request is to the same address as a pending load
request, then the store request may be collapsed into the load
stream, and then the load stream may be converted into a store
stream. Then, when a corresponding prefetch request gets
sent out from the L1 to the L2, the accompanying packet may
get sent out with a “store” attribute, which means that the [.2
will be responsible for retrieving the data in an exclusive state,
instead of in a shared state.

Each entry in table 90 may also include a demand address
102 attribute and a prefetch address 104 attribute. When the
L1 cache receives a demand request, it may store the address
of'the demand request in the demand address 102 attribute of
the corresponding stream entry. When an 1.2 (or lower level)
prefetch unit receives a prefetch request from a higher level
cache, the L2 prefetch unit may store the address of the
prefetch request in the demand address 102 attribute. The L1
prefetch unit and lower level prefetch units may store the
current address being prefetched in the prefetch address 104
attribute of the corresponding entry. When a 1.2 prefetch unit
receives a prefetch request and packet, the [.2 prefetch unit
may compare the prefetch request address with the demand
address 102 stored in table 90 for that particular stream ID. If
the incoming prefetch request is ahead of the physical address
stored in that entry, then the [.2 prefetch unit may overwrite
the demand address 102 attribute of the entry with the new
address.

In one embodiment, when the 1.2 prefetch unit receives a
prefetch request and packet, the .2 prefetch unit may check to
see if the prefetch request corresponds to an existing entry in
the L2 table, and if so, it may advance that prefetch request.
Otherwise, the L2 prefetch unit may flush an old entry from
the table, and then the [.2 prefetch unit may populate the entry
with the new data contained in the prefetch request and the
accompanying packet.
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Referring now to FIG. 5, a block diagram of one embodi-
ment of the mapping between prefetch tables of separate
levels of cache is shown. In one embodiment, an IC or SoC
may include two cores, core 106 and core 108. In other
embodiments, other numbers of cores (e.g., four, eight) may
be included in the IC or SoC. Tables 112 and 114 are each
shown as including four entries. In other embodiments, tables
112 and 114 may include other numbers of entries (e.g., eight,
sixteen). Any number and type of attributes may be stored in
tables 112, 114, and 116. For example, one or more of the
attributes shown intable 90 (of FIG. 4) may be stored in tables
112, 114, and 116. Additionally, other attributes now shown
in table 90 may be stored in tables 112, 114, and 116.

As shown, the first four entries of table 116 of L2 cache 112
may be synchronized with the entries of table 112 . The
entries for the bottom four entries of table 116 of L2 cache
110 may be synchronized with the entries of table 114. The
entries in table 114 may be assigned stream [Ds 1-4, and these
stream IDs may be mapped to stream IDs 5-8 in table 116. In
one embodiment, entries in table 116 may be synchronized
with entries in tables 112 and table 114 as prefetch requests
and accompanying packets are sent from the cores to L2
cache 110.

Table 116 may include enough entries to store and mirror
all of the entries of all of the L1 caches that are coupled to .2
cache 110. In the embodiment shown in FIG. 5, table 116
includes eight entries. In other embodiments, table 116 may
include other numbers of entries. For example, in a processor
with eight cores and with each core storing 16 entries for 16
separate stream IDs in a core prefetch training table, then
table 116 may include 128 entries for storing all of the entries
from all of the cores. Other numbers of cores coupled to an [.2
cache are possible and are contemplated.

Turning now to FIG. 6, a block diagram of one embodiment
of L2 and L3 prefetch units is shown. FIG. 6 illustrates a
continuation of the block diagram illustrated in FIG. 3. .2
cache 78 may receive prefetch requests and training informa-
tion from a core (e.g., core 72 of FIG. 3), and then L2 prefetch
unit 80 may store training data in table 82. L2 prefetch unit 80
may generate prefetch requests based on the received prefetch
requests, training data, and/or the data in table 82. L2 prefetch
unit 80 may convey the prefetch requests to .3 cache 120, and
L2 prefetch unit 80 may also generate and convey the training
data along with the prefetch request. The training data may
include attributes from table 82 for the particular stream ID
associated with the prefetch request.

L3 prefetch unit 122 may receive the prefetch request and
training data and store the training data in the corresponding
entry of table 124. In general, [.3 prefetch unit 122 may
function in a similar manner to [.2 prefetch unit 80 in response
to receiving a prefetch request and accompanying training
data. L3 prefetch unit 122 may utilize the training data and/or
corresponding table 124 entry to stay ahead of the prefetch
requests generated by L2 prefetch unit 80. In some embodi-
ments, training information may be sent from the core to 1.2
cache 78 and to .3 cache 120 in parallel. In this way, L2 table
82 and L3 table 124 may be updated at the same time by the
training information.

Other embodiments may include additional levels of
caches, and any lower level caches may synchronize their
prefetch tables with the tables of the upper level caches.
Lower level caches and prefetch units may respond to
prefetch requests and packets in a similar manner to the way
upper level caches and prefetch units respond to receiving
prefetch requests and packets. In addition, lower level
prefetch tables may include enough entries to store all of the
entries of the upper level prefetch tables. For example, if the

10

15

20

25

30

35

40

45

50

55

60

65

12

L3 cache 120 is coupled to [.2 cache 78 and to another .2
cache (not shown), L3 prefetch table 124 may include as
many entries as the combination of both .2 prefetch tables.

Referring now to FIG. 7, one embodiment of a method for
generating prefetch requests at multiple cache levels is
shown. For purposes of discussion, the steps in this embodi-
ment are shown in sequential order. It should be noted that in
various embodiments of the method described below, one or
more of the elements described may be performed concur-
rently, in a different order than shown, or may be omitted
entirely. Other additional elements may also be performed as
desired.

Inone embodiment, a training mechanism coupled to a first
cache level may train on a given stream (block 130). The
training mechanism may be located within a prefetch unit
within a processor core. A processor may include multiple
cores, and each core may have a single training mechanism.
The training information generated by the training mecha-
nism may be stored in a corresponding entry of a first table at
the first cache level (block 132). The entry in the first table
may include a stream ID for the trained stream. In one
embodiment, the first cache level may be a L1 cache, and the
first table may be stored in a prefetch unit coupled to the L.1
cache.

Next, training information may be conveyed from the first
cache level to a second cache level (block 134). In one
embodiment, a prefetch request may be generated by the
prefetch unit at the first cache level and sent to the second
cache level, and the training information may be included
within a packet that accompanies the prefetch request. A
prefetch unit at the second cache level may receive the train-
ing information (block 136), and then the prefetch unit may
issue prefetch requests based on the received training infor-
mation (block 138). The prefetch unit at the second cache
level may issue prefetch requests that are a certain distance
ahead of the prefetch requests being issued at the first cache
level. After an initial lag, prefetch requests from the first
cache level should begin to hit in the second cache level for
the given stream. The prefetch unit at the second cache level
may also store the received training information in a corre-
sponding entry in a second table (block 140). It is noted that
blocks 138 and 140 may occur simultaneously or block 140
may be performed prior to block 138, depending on the
embodiment. In one embodiment, the second cache level may
be a L2 cache.

After block 140, the prefetch unit at the second cache level
may convey the training information to a third cache level
(block 142). In one embodiment, the training information
may be included within a packet that accompanies the
prefetch request to the third cache level. A prefetch unit at the
third cache level may receive the training information (block
144), and then the prefetch unit at the third cache level may
issue prefetch requests based on the received training infor-
mation (block 146). The received training information may be
also stored in a corresponding entry in a third table (block
148). In one embodiment, the third cache level may be a L3
cache. After block 148, the method may return to block 130 to
train on a new stream. It is noted that multiple streams may be
trained in parallel, and multiple streams may be at various
points within the block diagram of FIG. 7 at any given time.
Other embodiments may include other numbers of caches.
Generally speaking, the training mechanism at a highest level
of cache may share prefetch training information with the
lower level caches.

Turning now to FIG. 8, ablock diagram of one embodiment
of'a system 150 is shown. As shown, system 150 may repre-
sent chip, circuitry, components, etc., of a desktop computer



US 9,098,418 B2

13

160, laptop computer 170, tablet computer 180, cell phone
190, or otherwise. In the illustrated embodiment, the system
150 includes at least one instance of IC 10 (of FIG. 1) coupled
to an external memory 152.

IC 10 is coupled to one or more peripherals 154 and the
external memory 152. A power supply 156 is also provided
which supplies the supply voltages to IC 10 as well as one or
more supply voltages to the memory 152 and/or the periph-
erals 154. In various embodiments, power supply 156 may
represent a battery (e.g., a rechargeable battery in a smart
phone, laptop or tablet computer). In some embodiments,
more than one instance of IC 10 may be included (and more
than one external memory 152 may be included as well).

The memory 152 may be any type of memory, such as
dynamic random access memory (DRAM), synchronous
DRAM (SDRAM), double data rate (DDR, DDR2, DDR3,
etc.) SDRAM (including mobile versions of the SDRAMs
such as mDDR3, etc., and/or low power versions of the
SDRAMs such as LPDDR2, etc.), RAMBUS DRAM
(RDRAM), static RAM (SRAM), etc. One or more memory
devices may be coupled onto a circuit board to form memory
modules such as single inline memory modules (SIMMs),
dual inline memory modules (DIMMs), etc. Alternatively, the
devices may be mounted with IC 10 in a chip-on-chip con-
figuration, a package-on-package configuration, or a multi-
chip module configuration.

The peripherals 154 may include any desired circuitry,
depending on the type of system 150. For example, in one
embodiment, peripherals 154 may include devices for various
types of wireless communication, such as wifi, Bluetooth,
cellular, global positioning system, etc. The peripherals 154
may also include additional storage, including RAM storage,
solid state storage, or disk storage. The peripherals 154 may
include user interface devices such as a display screen,
including touch display screens or multitouch display
screens, keyboard or other input devices, microphones,
speakers, etc.

Referring now to FIG. 9, one embodiment of a block dia-
gram of a computer readable medium 200 including one or
more data structures representative of the circuitry included
in IC 10 (of FIG. 1) is shown. Generally speaking, computer
readable medium 200 may include any non-transitory storage
media such as magnetic or optical media, e.g., disk, CD-
ROM, or DVD-ROM, volatile or non-volatile memory media
such as RAM (e.g. SDRAM, RDRAM, SRAM, etc.), ROM,
etc., as well as media accessible via transmission media or
signals such as electrical, electromagnetic, or digital signals,
conveyed via a communication medium such as a network
and/or a wireless link.

Generally, the data structure(s) of the circuitry on the com-
puter readable medium 200 may be read by a program and
used, directly or indirectly, to fabricate the hardware com-
prising the circuitry. For example, the data structure(s) may
include one or more behavioral-level descriptions or register-
transfer level (RTL) descriptions of the hardware functional-
ity in a high level design language (HDL) such as Verilog or
VHDL. The description(s) may be read by a synthesis tool
which may synthesize the description to produce one or more
netlists comprising lists of gates from a synthesis library. The
netlist(s) comprise a set of gates which also represent the
functionality of the hardware comprising the circuitry. The
netlist(s) may then be placed and routed to produce one or
more data sets describing geometric shapes to be applied to
masks. The masks may then be used in various semiconductor
fabrication steps to produce a semiconductor circuit or cir-
cuits corresponding to the circuitry. Alternatively, the data
structure(s) on computer readable medium 200 may be the
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netlist(s) (with or without the synthesis library) or the data
set(s), as desired. In yet another alternative, the data structures
may comprise the output of a schematic program, or netlist(s)
or data set(s) derived therefrom. While computer readable
medium 200 includes a representation of IC 10, other
embodiments may include a representation of any portion or
combination of portions of IC 10 (e.g., processor complex 20,
CPU 22, 1.2 cache 30).

It should be emphasized that the above-described embodi-
ments are only non-limiting examples of implementations.
Numerous variations and modifications will become apparent
to those skilled in the art once the above disclosure is fully
appreciated. It is intended that the following claims be inter-
preted to embrace all such variations and modifications.

What is claimed is:

1. A processor comprising:

a cache hierarchy comprising at least two caches arranged
in two levels;

a first prefetch unit associated with a first cache of the at
least two caches, wherein the first prefetch unit is con-
figured to maintain a first prefetch table comprising a
plurality of entries, wherein each entry comprises a
stream identifier (ID) and attributes associated with a
corresponding stream;

a second prefetch unit associated with a second cache of the
at least two caches, the second prefetch unit being dif-
ferent from the first prefetch unit, wherein the second
prefetch unit is configured to maintain a second prefetch
table with an entry for each entry in the first prefetch
table including a stream ID and attributes associated
with a corresponding stream; and

a prefetch training mechanism associated with the first
cache;

wherein the prefetch training mechanism is configured to
generate training information for each of a plurality of
streams, wherein the training information is utilized for
determining whether the first prefetch unit is to issue
prefetch requests for data corresponding to the plurality
of streams into the first cache;

wherein the prefetch unit is configured to convey said
training information to the second prefetch unit; and

wherein said second prefetch unit is configured to issue
prefetch requests for data corresponding to a plurality of
streams into the second cache based on attributes stored
in the second prefetch table.

2. The processor as recited in claim 1, wherein said second

prefetch unit does not perform any training for prefetches.

3. The processor as recited in claim 1, wherein said training
information includes temporal data that is used by the second
cache as part of a cache replacement policy.

4. The processor as recited in claim 3, wherein the first
prefetch unit is configured to:

generate a prefetch request for a given stream based on
attributes stored in a corresponding entry in the first
prefetch table; and

convey the prefetch request and a packet to the second
cache, wherein the packet comprises one or more
attributes from the corresponding entry in the first
prefetch table.

5. The processor as recited in claim 4, wherein the second

prefetch unit is further configured to:

detect a page boundary for a given stream; and

stop prefetching responsive to detecting said page bound-
ary.

6. The processor as recited in claim 1, wherein training

information in the second prefetch table is synchronized with
training information in the first prefetch table.
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7. The processor as recited in claim 1, wherein the second
prefetch unit is configured to:

count a number of prefetch requests issued by the first

prefetch unit; and

increase a number of prefetch requests generated by the

second prefetch unit in response to determining said
number exceeds a threshold.

8. The processor as recited in claim 1, wherein the prefetch
training mechanism is coupled to a highest level of cache of
the plurality of levels of caches and generates training infor-
mation for a plurality of streams, wherein the training infor-
mation is utilized for generating prefetch requests at each of
the plurality of levels of caches.

9. The processor as recited in claim 1, wherein said
attributes in the first prefetch table comprise an indication of
whether a corresponding stream is a load stream or a store
stream.

10. The processor as recited in claim 8, wherein the
prefetch unit is configured to:

generate a plurality of prefetch requests based on the train-

ing information;

generate a packet for each prefetch request, wherein the

packet comprises attributes associated with the prefetch
request and a corresponding stream; and

convey the prefetch request and the packet to a lower level

cache.

11. The processor as recited in claim 1, wherein said train-
ing information further comprises data used by the second
cache to bias way selection in a cache replacement policy.

12. The processor as recited in claim 11, wherein the
attributes further comprises a stride of the corresponding
stream.

13. The processor as recited in claim 11, wherein the
prefetch unit is further configured to assign a load stream and
a store stream with a single stream identifier, responsive to
detecting accesses by the load stream and the store stream to
a same address.

14. A method comprising:

generating training information on a plurality of streams,

wherein the training is performed by a prefetch training
mechanism coupled to a first cache at a first cache level,
wherein said training information is utilized to deter-

20

30

40

16

mine whether prefetch requests are to be issued by a first
prefetch unit corresponding to the plurality of streams
into the first cache; and
storing the training information in a first table at the first
cache level, wherein the first table comprises a plurality
of entries, each entry comprising a stream identifier (ID)
and attributes associated with a corresponding stream;

conveying said training information to a second cache
level,

storing the training information in a second table at the

second cache level, wherein the second table comprises
a plurality of entries, each entry comprising a stream
identifier (ID) and attributes associated with a corre-
sponding stream; and

a second prefetch unit, different from the first prefetch unit,

coupled to said second cache at said second cache level
issuing prefetch requests for a plurality of streams into
the second cache based on attributes stored in the second
prefetch table.

15. The method as recited in claim 14, wherein said second
prefetch unit does not perform any training for prefetches.

16. The method as recited in claim 15,

wherein the second table is synchronized with the first

table.
17. The method as recited in claim 14, further comprising:
counting by the second prefetch unit a number of prefetch
requests issued by the first prefetch unit; and

increasing a number of prefetch requests generated by the
second prefetch unit in response to determining said
number exceeds a threshold.

18. The method as recited in claim 17, wherein said train-
ing information includes temporal data that is used by the
second cache as part of a cache replacement policy.

19. The method as recited in claim 16, further comprising
storing the training information in a third table at the third
cache level, wherein the third table is synchronized with the
second table.

20. The method as recited in claim 15, wherein the first
cache level is a level one (L.1) cache, wherein the second
cache level is a level two (L.2) cache.
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